We describe a systematic procedure developed for surface characterization of super polished x-ray optical components with an interferometric microscope. In this case, obtaining trustworthy metrology data requires thorough accounting of the instrument's optical aberrations, its spatial resolution, and random noise. We analyze and cross compare two general experimental approaches to eliminate the aberration contribution. The reference surface approach relies on aberration evaluation with successive measurements of a high quality reference mirror. The so called super smooth measurement mode consists of subtracting two surface profiles measured over two statistically uncorrelated areas of the optics under test. The precisely measured instrument's modulation transfer function (MTF) and random noise spectrum allows us to correct the aberration-amended surface topography in the spatial frequency domain. While the developed measurement procedure is general and can be applied to various metrology instruments, the specific results presented are from a Zygo NewView TM 7300 microscope.
INTRODUCTION
While interferometric microscopes can provide surface height data with sub-nanometer repeatability (precision), this is only approaching the sub-angstrom specifications of new x-ray optics. In order to ensure the accuracy (that is the degree of closeness of the measured value to the actual one) on this level, we need to eliminate (or at least, suppress) the contributions of random noise and systematic errors (aberrations) to the measurements.
In this article, we describe a systematic procedure developed for surface characterization of super polished x-ray optical components with an interferometric microscope. The procedure allows trustworthy surface metrology in spatial frequency domain, in the form of power spectral density (PSD) to be obtained, via thorough accounting of the instrument's optical aberrations, its spatial resolution, and random noise. For many applications of grazing incidence xray optics, measurements of PSD distributions of surface heights provide essential and accessible information needed for simulation of the beamline performance of the optics (see, for example, Refs. [1] [2] [3] and references therein). Moreover, the measurements in spatial frequency domain allows for a straightforward accounting of the instrument's modulation transfer function (MTF). [4] [5] [6] [7] [8] [9] [10] [11] Here, we propose and analyze the Super Smooth + Self Test (SS+ST) mode of measurement strategy that offers both general surface quality information and the data needed for performance predictions, while reducing systematic contributions to the data. We cross compare the SS+ST method with the reference surface approach that relies on instrument calibration with successive measurements of a high quality reference mirror. Compared with the later method, the SS+ST method can provide similar information with fewer measurements. The SS+ST method can isolate contributing factors to error to yield better information about a particular surface. It does not require a reference mirror that generally has different optical properties (optical material, reflectivity, etc.), than that of the surface under test (SUT).
DESCRIPTION OF MEASUREMENT STRATEGIES
This section presents the details of the proposed SS+ST measurement strategy and a comparison against the accepted approach of subtracting measurements of a reference surface from a measurement of a SUT. For the SS mode of measurement, consider the difference between measurements of two uncorrelated regions of the surface, Fig. 1(a) . These two measurements can be expressed using the component wise decomposition of Eq. (1) as.
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) For the Self Test mode of measurement, consider two successive measurements of the same region of the surface, Fig.1(b) . These two measurements can be expressed with the component wise decomposition as ( 1 . 6 ) Excluding drift, the difference between the two measurements is the random noise, generally ascribed to the CCD detector. This ST measurement is then defined as: 
The reference surface approach to precision measurement
A main use for precision measurement instruments, like interferometric microscopes, is to provide detailed information about a surface. To ensure that the recorded information pertains to the surface and not the instrumentation, a reference file containing information about instrumentations aberrations is subtracted from a measurement of a particular surface under test. The residual, after subtracting the reference, can then be analyzed to provide information about the surface topography, roughness, PSD, etc.
The creation of a reference file requires averaging many recorded surface height distributions of a reasonable smooth surface. This is done to ensure that the mean recorded surface height at any pixel is below a target threshold.
Uncorrelated regions of a good surface can be considered to have a random distribution of heights, so averaging n measurements, improves the smoothed, averaged character of the resultant data by a factor of approximately 1 n .
Should it be the case that an available reference flat, that matches the reflectivity of the SUT, is relatively small compared with the field of view, a possible issues that the reference flat can have a limited number of independent fields of view of uncorrelated regions. Fortunately, in the case of flat x-ray optics, the SUT can itself often be used to create an instrument reference file. In this case, the reflectivity of the reference is matched to the surface under test. This will eliminate mismatched reflected intensities between a reference and a surface under test, thereby eliminating this as a potential cause of systematic error.
When an instrument parameter is changed, the zoom setting for example, a new reference file must be created. This is due to the fact that the repeatability of instrumental settings can be below the precision of the instrument resolution, meaning that a previously created reference file will not suffice. Where surface information at various spatial frequencies is sought, this means that many extra measurements must be made to create reference files for each changing magnification.
INFORMATION OBTAINED FROM MEASUREMENTS
A particular measurement with a camera resolution of 640 by 480 pixels provides > 300,000 data points. Some useful parameters from such information are the rms roughness of the surface, and the tangential and sagittal PSD. Differential measurements can sometimes provide information about the instrument itself, like the resolution due to filtering. 2 Forgiving specific surface details, using the SS+ST strategy, with only four measurements, it is possible to obtain reasonable information about a surface under test that is free from instrumental optical aberrations, and includes a correction for random, dark-current, error of the detector. With the result of the SS pair of measurements ( , ) SS x y , we get a statistical SUT in the sense that is contains essential statistical information about the surface topography. This statistical SUT is not helpful for inspecting any specific surface artifacts, nor does it maintain information about, for example, overall surface curvature, but it is a good representation of the nature of surface texture taken over two regions, or two fields of view. This can mean that it is more representative of the entire surface than a detailed description of a single region using the reference surface approach.
Another limitation is that ( , ) SS x y still suffers of the contribution of the random noise. This is similar to the reference mode of measurements. Indeed, while the reference file itself, due to averaging, has a reduced random noise contribution, when it is subtracted from a single surface measurement it will not effectively reduce the random noise of a single measurement.
The problem of the random noise contribution can be easily solved if we are interested solely in the surface roughness value (see below).
Beyond rms roughness, the PSD can provide a more informative description of a surface 2 . The Wiener-Khinchin theorem 12 states that the two dimensional (2D) PSD is equal to the Fourier transform of the autocorrelation function, which for a discrete set of measurements can be written as 
, ,
Note that so far, the measurement perturbations that are additive to the inherent surface height distribution have been considered. There is, however, another class of perturbations (associated, for example with the diffraction-limited objective and a finite size of the detector pixel) that appears in the result of measurement via a convolution with the inherent surface height distribution. The cumulative effect of such perturbations to the PSD measurement is described with the squared instrumental modulation transfer function, 
( 4 . 4 )
The highly reliable method for precise measurement of the MTF has been invented and thoroughly described in the recent publications. [4] [5] [6] [7] [8] [9] [10] [11] Future work will extend the current consideration to include the MTF correction.
As the variance or mean square, is a linear combination of the PSD, we can describe the standard deviation of the components in an analogous manner to Eq. (4.3) as follows 
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INSTRUMET CHARACTERIZATION USING HIGH QUALITY SUBSTRATES
We used a high quality, polished Zerodur flat substrate provided by the Center for X-Ray Optics (CXRO) for the characterization of instrumental errors of the Zygo NewView 7300 interferometric microscope. The dimensions of the substrate are 50 (±0.2) mm × 36 (±0.2) mm × 3 mm. The clear aperture of the surface under test is 40 mm × 34 mm. The clear aperture region of this surface was specified to have a flatness of λ / 20 for λ = 13 nm, surface slope error better than 15 μrad, and roughness better than or equal to 1 A (the length scale for this metric was not stated by the manufacturer).
For measurements, the substrate was placed on one layer of lint-free tissue paper on the Zygo NewView stage. Each of the three measurements, direct, Super Smooth and Self Test, were repeated three times, for every available combination of microscope objective and zoom setting. The best fitting parabola was subtracted from each measured surface, to discard tilt and overall curvature (which are not important). The following subsections describe these measurements and the resulting estimated height errors of the actual SUT, and those attributed to instrumental errors: instrument optical aberrations and detector noise.
Measurements with the 20X objective
We observed a large amplitude, low frequency aberration component with the 20X objective. This is shown in Fig. 2 , where a direct and a Super Smooth measurement are presented. The major difference between these two measurements, as seen from Eqs. (4.4) , is the instrument's optical aberrations, present in the former but not in the latter. This observation is reflected in the calculated PSDs of the measurements and error contributions, and appears at all zoom levels. We see from the table that the standard error of the surface and detector are nearly constant, while the optical aberrations are strongly dependent on the zoom setting 
Summary of Zerodur substrate measurements
To fully characterize the instrument, measurements were performed with each of the 2.5X, 20X and 50X objectives, and at each of the 0.5X, 1X, and 2X zoom settings. As the objective magnification increases (keeping the zoom fixed) an increase of the critical frequency, where the PSD falls off and becomes noisy. When switching the zoom from 0.5X to 1.0X, the critical frequency approximately doubles for each objective. However, for each magnification there is little or no change of this critical frequency as the zoom is changed between 1.0X and 2.0X. Evidently, increasing the zoom from 1.0X to 2.0X offers no improvement of resolution for any objective.
CONCLUSIONS
The reliable data below the level of the noise (see Table 1 ), are enabled by the SS+ST strategy that effectively cancels the instrument noise. This is not possible with a conventional reference surface based measurement, because noise in the in the direct measurement persists.
The analytic method of parsing a measurement result into its constituent components of the surface, the measurement instrument aberrations, and random noise has been demonstrated. Defining the Super Smooth and Self Test measurements as scaled differences between respective uncorrelated, and exactly correlated regions of a surface under test Eq.(1.4) and Eq. (1.7), yields a parameterization that allows an accurate statistical characterization of a surface below the noise level of the instrument.
So long as specific, exact positional detail of a particular surface, is not required, but instead a general characterization of the surfaces texture and performance is sought, the SS+ST strategy proves to yield efficient and effective statistical surface information, independent from instrumentation.
